Abstract-A hybrid tip-tilt-piston micromirror driven by electrostatic actuation is presented in this letter. The micromirror involves a highly doped silicon mirror and a conductive elastomeric universal joint, which are mechanically bonded and electrically interconnected. This device takes advantage of two distinct materials to achieve a high-quality reflective surface using single-crystal silicon and a highly flexible universal joint using an elastomer. To realize this hybrid system, micromasonry techniques are employed such that silicon and elastomer parts are fabricated separately and integrated afterward. The static and dynamic behaviors of the micromirror are characterized, indicating identical response about its two orthogonal scanning axes. Furthermore, the piston stroke by the compressive deformation of the elastomeric joint along z-axis is investigated.
I. INTRODUCTION
Microelectromechanical systems (MEMS) technology-based micromirrors have brought impacts to many areas such as projection displays, telecommunications, adaptive optics and biomedical imaging [1] . Common silicon-based MEMS micromirrors adopt a design with an optical reflector suspended on a set of silicon torsional springs. Monolithic microfabrication including surface micromachining and bulk micromachining processes are typically used to realize such structures [2] , [3] . However the conventional design and fabrication approaches exhibit several fundamental challenges from both material and design perspectives. Material wise, silicon is a well-known brittle material at room temperature, thus it is susceptible to cleavage fracture under large deformation as well as to fatigue under cyclic loading [4] . In addition, extremely slender springs with cross-section-width of the order of a few micrometers are usually necessary to obtain a reasonable low stiffness due to the high elastic modulus of silicon (E ∼ 170GPa for single crystal silicon). These small features give rise to practical issues such as the sensitivity to photolithographic errors. From the design perspective, complex mechanical design and fabrication are required to realize a two-axis micromirror. As a predominant design, a gimbaled structure provides an additional degree of freedom to enable two-axis motion, but it suffers from limitations such as large footprint and unequal frequency responses with respect to the two axes [3] . Gimbal-less structures with two degrees of freedom are also investigated but they usually require even more sophisticated design and fabrication processes [5] . To address the aforementioned challenges, we report here a hybrid tip-tilt-piston micromirror utilizing an elastomeric universal joint where the mechanical deformation occurs. Compared with silicon springs, the elastomeric joint structure can sustain enormous deformations and accommodate three-dimensional motions such as tiptilt-piston with a compact gimbal-less design. However, given that elastomer-involved hybrid devices have been demonstrated previously [6] , such devices not only with mechanical bonding but also with electrical interconnection between elastomer and silicon components have been difficult to realize. This is largely due to the inherent process incompatibility between silicon and elastomers, since elastomers are difficult to deposit and pattern using well-established microfabrication techniques. In addition, elastomers hardly survive the harsh conditions encountered during common monolithic microfabrication steps such as high temperature and corrosive liquid environments. Thus, elastomer and silicon components often need to be prepared separately and then combined together in order to form a hybrid system instead of using the monolithic microfabrication where all components have to experience the same conditions. To this end, we utilize a micro-masonry technique which involves transfer printing and thermal bonding [7] , [8] to construct a hybrid MEMS micromirror by integrating separately fabricated elastomer and silicon components. Such an approach eliminates harsh microfabrication process conditions for the elastomer component and therefore enables a strong mechanical and electrical connection between two heterogeneous materials with no damage to the elastomer. Fig. 1 shows the micromirror that is composed of three key components including an elastomeric universal joint (along with the substrate), a top mirror, and four bottom electrodes. We term the elastomeric cylindrical structure 'universal joint' in the sense that it allows bending toward any direction. The mirror and electrodes are made of highly doped single crystal silicon (Ultrasil Corporation) with minimal resistivity (ρ = 0.001 -cm). Polydimethylsiloxane (PDMS, Sylard 184, Dow Corning) is chosen as the elastomer material due to its excellent mechanical properties and well established fabrication processes. To obtain electrical interconnection and isolation, carbon black (CB) particles (VULCAN XC72R, Cabot Corporation) are embedded at selective regions of the PDMS structures including the universal joint and the bases underneath the electrodes (Fig. 1A) . Therefore, the mirror is mechanically and electrically connected to the universal joint (Fig. 1B) in such a way that the top mirror and bottom electrodes form a parallel-plate electrostatic actuator. The size of the mirror and the electrodes are 500 × 500 × 20 μm and 350 × 350 × 3 μm, respectively, whereas the universal joint is 80-μm-tall with 60 μm diameter. The air gap between the mirror and electrodes is set to 37 μm.
II. DESIGN AND FABRICATION
To model the static and dynamic behaviors of the micromirror, finite-element-analysis is performed using COMSOL 4.3b (Fig. 2) .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Finite-element modal analysis. The micromirror has four different resonant modes corresponding to torsion, bending, shearing and tension/compression deformation of the elastomeric universal joint. The resonant frequencies for these modes are 0.76 kHz, 1.27 kHz, 4.81 kHz and 9.94 kHz, respectively. Four modes with resonant frequencies of 0.76 kHz, 1.27 kHz, 4.81 kHz and 9.94 kHz are captured by modal analysis, corresponding to the torsion (z-axis), bending (x and y axes), shearing (x and y axes) and tension (z-axis) of the elastomeric joint. The Young's modulus of PDMS is assumed to be 0.75 MPa in this modal analysis [9] . It is noted that two modes exist at 1.27 kHz corresponding to the bending motions about two orthogonal scanning axes. With perfect symmetry, they degenerate to a single mode due to their identical resonant frequencies. The same holds for the two shearing modes.
The fabrication procedure of the micromirror starts with the preparation of donor and receiver substrates. Silicon mirrors and electrodes are batch fabricated on the donor substrate using two silicon-on-insulator (SOI) wafers with 20-μm-thick and 3-μm-thick device layers. The representative fabrication steps are depicted in Fig. 3 (A1-A3) and the details are found elsewhere [7] . The fabrication of the receiver substrate is shown in Fig. 3 (B1-B3) . A three-layer-SU8 mold is patterned using photolithography and then silanized to help demolding (Fig. 3 (B1) ). CB/toluene dispersion is applied on the mold. After full evaporation of toluene, the entire mold is left coated with a uniform layer of carbon black particles. Excessive CB particles on the mold are then removed by commercial Fig. 3 .
Fabrication of a silicon donor substrate: (A1) Etch the device layer of an SOI wafer; (A2) Undercut a BOX layer and pattern photoresist anchors; (A3) Etch away the remaining BOX layer using HF and the silicon components are ready to be picked up. Fabrication of a PDMS receiver substrate: (B1) Pattern an SU8 mold using photolithography; (B2) Selectively deposit CB particles; (B3) Pour and partially cure PDMS. Assembling silicon and PDMS parts: (C1) Pick up the silicon components from the donor substrate using a microtip stamp and place them on the PDMS receiver substrate; (C2) Fully cure PDMS to bond the silicon and PDMS parts together.
pressure sensitive tapes such that only the surfaces inside the trenches of the mold remain coated with CB particles (Fig. 3 (B2) ). PDMS precursor is then poured and partially cured at 60°C for 30 min. After demolding, the PDMS including conductive PDMS regions and a non-conductive PDMS base is mounted on a rigid glass substrate to complete the preparation of a receiver substrate. A deterministic transfer printing technique using a microtip elastomeric stamp [10] is employed to pick up the silicon components from the donor substrate and place them on the receiver substrate with about 3 μm alignment accuracy (Fig. 3 (A3, C1) ). Upon completion of the pick-and-place procedure via transfer printing, the PDMS is further cured at 60°C for approximately 12 hours so that the silicon and PDMS components are bonded through surface hydroxyl condensation reactions [11] . The whole micro-masonry process including transfer printing and thermal bonding is carried out with approximately 90% yield in this letter.
III. CHARACTERIZATION AND DISCUSSION
The static behavior of the micromirror is characterized by applying DC voltage to the device and measuring the resultant deflection using an optical profiler (NT1000, Veeco). The results for both x and y-axis rotations and z-axis piston from three devices are shown in Fig. 4 . Due to its symmetric shape, the micromirror exhibits almost identical DC characteristics about x and y axes. Snap-down occurs under a DC voltage of 90 V. The piston stroke is also characterized by applying the same voltage to all the electrodes simultaneously. The frequency response of the device is also characterized, as shown in Fig. 5 . A sinusoidal actuation signal with an offset expressed as V (t) = 10 sin(2π f act t) + 10 (V) is applied to actuate the mirror about x or y-axis while a collimated laser is directed onto the mirror. The length of each reflected pattern is measured under different driving frequencies to calculate the scan angles. The results are fitted to a Lorentzian function in Fig. 5 . Resonant frequencies for x and y-axis rotations are determined to be 1.2 kHz which match with the values estimated by the prior modal analysis. The quality factors for both axes are also determined to be equal to 2.1.
Observations from Fig. 4 and Fig. 5 reveal that the characteristics for both x and y-axes are almost identical, which is difficult to achieve using a gimbaled structure [3] . This property can be quite beneficial as it fully utilizes the advantage of the universal joint, i.e., maximized response along all the possible directions at a single resonant frequency. In addition, the measured scan angles and resonant frequencies of our devices are comparable to those of existing microfabricated micromirrors, [2] , [3] , [5] and they validate the device fabrication capabilities of micro-masonry. Provided that a specific application is desired, our design can be further optimized to obtain a specified overall performance. The next challenge for the fabrication technology is the extension of a single micromirror design shown here into high density mirror arrays, which calls for further study.
